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ABSTRACT
PreservaƟ on of architectural heritage is considered a fundamental issue in the cultural 
life of modern socieƟ es. This heritage is accumulaƟ ng damage due to deterioraƟ on 
of materials, repeated loading and excepƟ onal events. This means that conservaƟ on, 
repair and strengthening are oŌ en necessary. In this process, monitoring and non-
destrucƟ ve tesƟ ng play a major role, providing informaƟ on on the building condiƟ on 
and exisƟ ng damage, and allowing to defi ne adequate remedial measures. Dynamic 
based methods are an aƩ racƟ ve tool because they are non-destrucƟ ve and are able 
to capture the global structural behavior. The present paper focuses on three main 
aspects related to dynamic idenƟ fi caƟ on and monitoring: (a) exploring damage in 
masonry structures at an early stage by vibraƟ on measurements, using one arch 
model constructed in the laboratory. Progressive damage was induced in the arch and 
sequenƟ al modal idenƟ fi caƟ on analysis was performed at each damage stage, aiming 
at fi nding adequate correspondence between dynamic behavior and internal crack 
growth. The dynamic based methods allowed detecƟ ng and locaƟ ng the damage; (b) 
two complex case studies of modal and structural idenƟ fi caƟ on of monuments using 
convenƟ onal sensors. OperaƟ onal modal analysis was used to esƟ mate the modal 
parameters, followed by staƟ sƟ cal analysis to evaluate the environmental eﬀ ects 
on the dynamic response. The aim is to explore damage assessment in masonry 
structures at an early stage by vibraƟ on signatures, as a part of a health monitoring 
process; (c) fi nally, a comparison between commercial wireless based plaƞ orms 
and convenƟ onal wired based systems is presented for a laboratory specimen and a 
structural element from a 15th century building. 
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INTRODUCTION
Structural monitoring and damage idenƟ fi caƟ on at the earliest possible stage are 
issues that receive much aƩ enƟ on from scienƟ fi c community. Damage idenƟ fi caƟ on 
is relevant to all the engineering fi elds as the service loads and the accidental 
acƟ ons may cause damage to the structural systems, Doebling et al. (1996). Regular 
inspecƟ ons and condiƟ on assessment of engineering structures allow programmed 
repair works and cost-eﬀ ecƟ ve management of the infrastructures. In the case 
of historical construcƟ ons, maintenance is even more relevant because of their 
cultural importance, the safety of visitors, the potenƟ al seismic vulnerability and the 
accumulaƟ on of physical, chemical and mechanical damage through Ɵ me. Dynamic 
based damage idenƟ fi caƟ on methods are based on changes of dynamic parameters 
(eigen frequencies, mode shapes and damping coeﬃ  cients), typically a decrease 
in sƟ ﬀ ness and an increasing in damping. As damage is a local phenomenon and 
may not infl uence signifi cantly the lower frequencies or the global response, it is 
important to esƟ mate higher modes and to have accurate informaƟ on about modal 
displacements. For these reasons, the methods based on changes on the mode 
shapes or modal curvatures (or the combinaƟ on of all responses, e.g. frequencies, 
modes shapes and modal curvatures) are usually more successful.
The diﬃ  culty is to measure accurately the modal strains (modal curvatures) in 
civil engineering structures or to derivate accurately the modal curvatures from 
the modal displacements. In any case, to esƟ mate damage a suﬃ  cient number of 
measuring points is necessary in order to have enough spaƟ al resoluƟ on of the mode 
shapes. Historical masonry structures have a complex geometry and successive past 
intervenƟ ons, while the consƟ tuƟ ng materials tend to exhibit signifi cant variaƟ ons in 
properƟ es and internal structure. Therefore, the selecƟ on of appropriate models for 
structural analysis is not easy, Lourenço et al. (2002, 2007, 2010). Damage in masonry 
structures are mainly cracks, material deterioraƟ on and excessive deformaƟ ons. 
When cracks occur, generally they are localized, spliƫ  ng the structures in macro-
blocks. The use of dynamic based methods to idenƟ fy the damage is an aƩ racƟ ve tool 
to use in this type of structures due to the assumpƟ on that damage can be associated 
with the decrease of sƟ ﬀ ness. Many methods are presented in the literature for 
damage idenƟ fi caƟ on based on vibraƟ on signatures, but there are relaƟ vely few 
works discussing their applicaƟ on to masonry structures. From the point of view of 
the applicability of dynamic based idenƟ fi caƟ on methods to masonry structures, the 
aspects under consideraƟ on are the possibiliƟ es of detecƟ on (Level 1), localizaƟ on 
(Level 2) and assessment (Level 3). A detailed comparison and a descripƟ on of 
diﬀ erent methods are presented elsewhere, Ramos (2007).
The current pracƟ ces of structural health condiƟ on are based mainly on periodic 
visual inspecƟ ons or condiƟ on surveys but, during the last decade, soŌ ware and 
hardware developments made conƟ nuous monitoring possible, Chang et al. (2003). 
Typically, one can install hundreds of sensors in a structure and read the data in 
real Ɵ me. The aƩ enƟ on now seems to be focused on what type of informaƟ on is 
important from the structural point of view and how the data should be processed 
and stored for damage analysis, Maeck (2003). The developments in Micro Electro 
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Mechanical Systems (MEMS) and Wireless Sensor Networks (WSN) are promising 
technologies in this fi eld, in parƟ cular for historical masonry structures, Lynch (2007) 
and Ramos et al. (2010c), which are also addressed here.
DAMAGE DETECTION OF ARCHED MASONRY STRUCTURES
The approach used here for arched masonry structures will be based on the modal 
informaƟ on esƟ mated by output-only methods. In parƟ cular, StochasƟ c Subspace 
IdenƟ fi caƟ on (SSI) techniques, are among the most robust techniques available for 
output-only modal idenƟ fi caƟ on, see Peeters (2000). These techniques require that 
excitaƟ ons are reasonably random in Ɵ me and in the physical space of the structures, 
or if excitaƟ ons are local they must provide suﬃ  cient energy to excite the enƟ re 
structure.
At the moment, there is no unique damage method based on vibraƟ on signatures that 
seems to give accurate results for all levels of damage and for all types of structural 
systems. Here, a group of methods was selected with two aims: (a) to evaluate the 
applicability of the methods to masonry structures; (b) to obtain a general perspecƟ ve 
of the problem and to provide conclusions on damage idenƟ fi caƟ on, taking into 
account that diﬀ erent methods might provide diﬀ erent results. It is expected that 
if reasonable damage is present in the structure, the results provided from diﬀ erent 
methods would converge in the idenƟ fi caƟ on, giving more confi dence to the analyst. 
The existence of a group of complementary methods should be understood as an 
added value in capturing diﬃ  cult phenomena and in assisƟ ng the decision process.
In order to evaluate damage idenƟ fi caƟ on methods, one replica of an old masonry 
arch was built in the laboratory and several controlled Damage Scenarios (DS) were 
induced with staƟ c tests, see Figure 1. For each DS, system idenƟ fi caƟ on tests 
were carried out with SSI techniques and the results of the damage idenƟ fi caƟ on 
methods were compared with the internal crack growth. The ambient temperature 
and humidity were also recorded, to evaluate possible environmental eﬀ ects on the 
dynamic response.
Figure 1 Arch staƟ c tests: (a) view of the test apparatus; 
(b) example of one damage scenario considered
(a) (b)
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The arch was built with clay bricks with 100 x 50 x 25 mm3, handmade in the northern 
area of Portugal. The clay bricks have low compressive strength and are laid using a 
Mapei® mortar with low mechanical properƟ es, trying to be representaƟ ve of the 
materials used in historical construcƟ ons. The arch has a semicircular shape with 
a radius of 0.77 m. It has a span equal to 1.50 m, a width equal to 0.45 m, and a 
thickness equal to 0.05 m. The thickness of the joints is about 0.5 cm. The arch rests 
in two concrete abutments fi xed to the ground fl oor with bolts, see Ramos et al. 
(2010a) for more details.
StaƟ c Tests to Induce Damage
The load stages/DS were produced with the applicaƟ on of a staƟ c point load located 
at a quarter span, where the lowest safety factor for arches is obtained. The load was 
applied with increasing magnitude, being removed aŌ er each DS. This assumpƟ on 
tries to represent the situaƟ on of temporary excepƟ onal loading in the lifeƟ me of the 
structure (e.g. a heavy truck passing in a bridge or an earthquake) and assumes that 
cracks can parƟ ally close aŌ er the extreme event. The assumpƟ on makes the task of 
damage idenƟ fi caƟ on more diﬃ  cult but more challenging, considering that damage 
can be diﬃ  cult to detect with a visual inspecƟ on. All the tests were carried out in a 
period of three months, aŌ er 60 days curing.
Figure 1b shows the response of the model during the successive staƟ c tests aŌ er 
the fi rst crack, and one selected damage scenario. The tests results in terms of load 
displacement diagrams indicate a clear loss of sƟ ﬀ ness upon reloading, with visible 
load drops due to crack opening. Figure 2 presents the resulƟ ng crack paƩ erns in 
the arch and the posiƟ on of the dynamic transducers. Four cracks were found but 
it was impossible to register the full crack sequence. The fi rst crack to appear (c1) 
was located between the posiƟ ons P3 and P4 (accelerometers A03 and A04) and not 
below the load applicaƟ on point. The crack appears in the intrados, as expected, but 
it was only visible during the loading branch of the DSVI, although it is evident that it 
has occurred on DSV, given the loss of sƟ ﬀ ness in the staƟ c tests.
Crack c2 was located in posiƟ on P11 (right support in the measuring point A11) in 
the intrados, crack c3 was located between P8 and P9 (measuring point A08 and 
Figure 2 Arch damage: (a) crack locaƟ ons (ci) and accelerometer posiƟ ons (A0i); 
(b) example of one crack.
(a) (b)
59
Paulo B. Lourenço, Luís F. Ramos
A09) in the extrados, and crack c4 was located at posiƟ on P1 (leŌ  support in the 
measuring point A01) in the extrados, see Figure 2. The load value corresponding to 
the occurrence of these cracks was impossible to detect. The cracks became visible 
in the loading range of DSVIII. This can be explained by the fact that the self-weight 
of the arch is a stabilizing acƟ on and almost fully closes the cracks at the equilibrium 
posiƟ on. The decision to stop each staƟ c test aŌ er DSV was based on the sound of a 
crack that suddenly opens. Therefore, the designaƟ on c1 to c4 presented here does 
not try to represent the real crack sequence, which is partly unknown.
It should be stressed that the maximum remaining crack opening aŌ er the enƟ re 
tesƟ ng program was 0.05 mm and the maximum crack depth in the loading branch 
of the tests was 30 mm (more than half of the arch thickness) for crack c1. Analyzing 
in detail the sƟ ﬀ ness during the several load steps presented in Figure 3, aŌ er the 
occurrence of the crack c1 it was possible to observe a decrease of sƟ ﬀ ness. A 
loading and unloading sƟ ﬀ ness can be defi ned, where staƟ c tests allow measuring 
the rapidly varying loading sƟ ﬀ ness kl and the dynamic tests only measure the slowly 
varying unloading sƟ ﬀ ness ku. As a result, dynamic tests are less sensiƟ ve than staƟ c 
tests to idenƟ fy structural damage.
Dynamic IdenƟ fi caƟ on Tests
The selected sensors for the dynamic tests were accelerometers and strain gauges. 
The accelerometers were selected because they have good accuracy for the dynamic 
response. The strain gauges were chosen to measure directly dynamic strains for 
the direct esƟ maƟ on of modal curvatures, more sensiƟ ve to damage than modal 
displacements. Another obvious reason is to have more modal informaƟ on for the 
damage idenƟ fi caƟ on analysis. 
From a preliminary numerical analysis to study the test planning, it was possible to 
conclude that the fi rst twelve modes have signifi cant modal displacements in the 
Figure 3 SƟ ﬀ ness decrease: (a) possible sequence of cracks and gradual sƟ ﬀ ness decrease; 
(b) relaƟ ve unloading sƟ ﬀ ness variaƟ on.
(a) (b)
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arch plane. In the out-of-plane direcƟ on only the numerically predicted 2nd and 5th 
modes have signifi cant modal displacements. For this reason, it was decided to 
measure acceleraƟ ons only in the in-plane direcƟ on, and, for convenience, in the 
normal and tangenƟ al direcƟ ons on each locaƟ on. It was also decided to measure 
both edges of the arch (front and back edges) to esƟ mate the torsion modes and to 
detect any asymmetric behavior.
According to the confi guraƟ on of the twelve numerical mode shapes, the best points 
for the reference transducers (points which have signifi cant modal displacements 
in all modes) is at ¼ span for some modes and at ½ span for other modes. In order 
to have a beƩ er resoluƟ on in the modal esƟ maƟ on, two posiƟ ons were selected to 
be the reference points for acceleraƟ ons in the front and back edges (four sensors) 
and four strain gauges in the extrados and intrados (eight sensors). Figure 4 shows 
the locaƟ on of the measuring points where the reference points are given in a grey 
box. The designaƟ on Ai is for accelerometers and Si is for strain gauges. In the case 
of the strain gauges, as an aƩ empt to study the possibility to measure strains for 
dynamic modal analysis, it was decided to measure only the middle line of the arch 
on both sides. This means that the torsion modes will not be present in the strains 
measurements.
The dynamic acquisiƟ on system was composed by 8 uniaxial piezoelectric 
accelerometers and 22 strain gauges glued in the masonry. Modal idenƟ fi caƟ on tests 
at each load stage/DS were carried out by two diﬀ erent excitaƟ on types: (a) natural 
and ambient noise present in the laboratory; (b) random impact excitaƟ on in space 
and in Ɵ me (not recorded), induced by a hammer with 2.5 kg of mass. 
The results in terms of frequency values and damping coeﬃ  cients for the Reference 
Scenario (RS) are presented in Table 1 for the ambient and random excitaƟ on 
tests, respecƟ vely. Both standard deviaƟ on () and Coeﬃ  cient of VariaƟ on (CV) 
are presented for the same modal parameters: frequency  and damping . In 
general, the random impact excitaƟ on tests have lower standard deviaƟ on values, 
indicaƟ ng a possible beƩ er modal esƟ maƟ on. Nevertheless, the high CV values for 
the damping in all cases should be stressed as possible less accurate results. The 
Figure 4 LocaƟ on of the measuring points for the dynamic tests: (a) front view; and 
(b) top view. Ai indicates accelerometers and Si indicates strain gauges. Boxed-values in grey 
are the reference points.
(a) (b)
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damping values depend on the excitaƟ on and incorporate nonlinear phenomena, 
but one can conclude that an average value of 0.6% can be observed for all modes 
and all analyses. 
The fi rst modes shapes according to the excitaƟ on type are presented in Figure 5, 
see Ramos et al. (2010a) for more results. All the modes have torsion components, 
with the excepƟ on of the fi rst mode, which has only components in the arch plan. It 
is stressed that the modes from the two excitaƟ on types are highly coincident, with 
the excepƟ on for the modal confi guraƟ on of the seventh mode shape at middle span 
and at the leŌ  support.
Experimental Damage IdenƟ fi caƟ on Analysis
The damage analysis over the eight experimental DS induced by increasing external 
loading is now described. Table 2 presents for the fi rst four esƟ mated modes and 
for the case of ambient excitaƟ on the frequency results for the consecuƟ ve DS. The 
frequency values are presented together with the value ±2 as a 95% confi dence 
interval, and the frequency diﬀ erences  to the RS. It is stressed that small 
increases in the frequency values are found before the occurrence of the fi rst crack. 
Table 1 Results from the Reference Scenario.
M
od
es
Ambient ExcitaƟ on Random Impact ExcitaƟ on

[Hz]

[Hz]
CV
[%]
 
[%]

[%]
CV
[%]

[Hz]

[Hz]
CV
[%]
 
[%]

[%]
CV
[%]
1 35.59 0.20 0.57 0.44 0.20 45.18 35.21 0.12 0.33 0.51 0.08 15.94
2 67.30 0.46 0.69 0.53 0.12 22.50 66.58 0.36 0.55 0.64 0.09 14.68
3 72.11 0.38 0.53 0.88 0.90 101.92 71.16 0.21 0.30 0.72 0.14 19.21
4 125.74 0.65 0.52 0.59 0.10 17.53 124.52 0.74 0.60 0.79 0.10 12.32
5 140.08 0.89 0.63 0.46 0.31 66.76 138.94 0.90 0.65 0.73 0.22 30.11
6 173.38 1.63 0.94 0.83 0.33 39.02 172.54 0.84 0.49 1.11 0.30 27.38
7 199.32 2.91 1.46 1.84 0.65 35.39 196.76 2.13 1.08 2.55 0.94 36.98
Figure 5 First mode shape confi guraƟ ons for the undamaged scenarios: 
(a) mode 1; (b) mode 2.
(a) (b)
62
Dynamic IdenƟ fi caƟ on and Monitoring of Cultural Heritage Buildings
This is due to the normal adjustments of the structure with the applied load, mainly 
at the supports and masonry joints. Considering the fi rst four esƟ mated frequencies, 
the fi rst signifi cant frequency decrease, i.e. higher that 2 (given in a grey box), 
happens around DSV. In fact, the fi rst signifi cant change in the staƟ c sƟ ﬀ ness also 
appears in this scenario. In the subsequent scenarios it is also possible to observe 
signifi cant frequency decreases.
Figure 6 presents the variaƟ on for the frequency, where it is noƟ ceable that damage 
was detected in DSV and it is coincident with the signifi cant decrease observed in 
the staƟ c results. As a Level 1 approach, the results of the USI method presented 
in Figure 7 shows the comparison. One conclusion is the diﬀ erence in the order of 
values before and aŌ er DSV, confi rming the signifi cant change that happened in 
this scenario. The USI values in DSVI are similar to DSV but the last two DS show a 
signifi cant increase. These results indicate that when the USI is calculated for the 
several scenarios, the detecƟ on of damage (Level 1) is possible. When no informaƟ on 
exists about the modal history, the detecƟ on of damage with USI might be diﬃ  cult, 
because there are no reference values in the undamaged condiƟ on.
The analyses carried out with modal displacements were inconclusive, as no damage 
locaƟ on is indicated. Using the measured modal curvatures at the middle line of the 
arch, several methods provided reliable results. Figure 8 presents the results for the 
relaƟ ve comparison between DSIV and DSV, where damage occurs at posiƟ ons P1 
and P11 for the Changes in Flexibility Matrix method (CFM) for modal curvatures, 
and damage occurs at posiƟ on P1 and P7 for the Sum of all Curvature Errors (SCE) 
method.
Considering the diﬀ erent observaƟ ons, the defi niƟ on of the damage locaƟ on was 
based on three criteria with decreasing importance, see Ramos et al. (2010a), that 
allowed locaƟ ng all the cracks in the vicinity of the observed experimental posiƟ ons.
Table 2 Frequency results for the arch model with ambient excitaƟ on.
Da
m
ag
e 
Sc
en
ar
io Mode 1 Mode 2 Mode 3 Mode 4

[Hz]
2
[Hz]

[Hz]

[Hz]
2
[Hz]

[Hz]

[Hz]
2
[Hz]

[Hz]

[Hz]
2
[Hz]

[Hz]
RS 35.59 0.40 - 67.30 0.93 - 72.11 0.76 - 125.74 1.30 -
DSI 35.55 0.31 -0.05 67.51 0.83 0.21 71.80 0.38 -0.30 125.69 1.91 -0.05
DSII 35.55 0.24 -0.04 67.39 1.11 0.09 71.83 1.06 -0.28 125.79 2.03 0.05
DSIII 35.42 0.31 -0.17 67.47 1.19 0.17 71.66 0.94 -0.45 125.75 2.21 0.01
DSIV 35.15 0.24 -0.44 67.11 0.88 -0.19 71.33 0.58 -0.78 126.01 1.09 0.28
DSV
+ 33.72 0.32 -1.87 65.68 0.72 -1.62 69.36 0.60 -2.75 124.48 1.60 -1.25
DSVI 33.19 0.34 -2.40 64.91 1.02 -2.39 68.56 0.58 -3.55 123.58 1.37 -2.16
DSVII 31.49 0.44 -4.10 63.08 1.29 -4.22 65.72 0.69 -6.39 121.97 1.83 -3.77
DSVIII 28.09 0.62 -7.50 58.44 1.40 -8.86 62.61 0.93 -9.50 119.44 1.76 -6.30
+ - Damage scenario in which the fi rst crack was detected in the staƟ c tests.
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Figure 6 RelaƟ ve frequency values for ambient excitaƟ on.
Figure 7 Unifi ed Signifi cance Indicator (USI) results and comparison with the RS.
Figure 8 Results with measured curvatures for the comparison between DSIV and DSV.
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Finally, with a combinaƟ on with the Finite Element Model UpdaƟ ng Method, it was 
possible to conclude that the updaƟ ng analysis did not provide accurate results, 
on the contrary to damage analysis using only numerical crack simulaƟ on. The 
diﬃ  culƟ es of tuning the numerical model to the experimental mode shapes can 
be explained by the sensiƟ vity of the dynamic response of the numerical model to 
the geometry. Another possible explanaƟ on for the low quality of the results is the 
residual deformaƟ on of the arch on each staƟ c test.
MONITORING WITH OPERATIONAL MODAL ANALYSIS: TWO CASE 
STUDIES USING CONVENTIONAL SENSORS
The process leading to monitoring of historical masonry structures can be divided 
in four phases. The fi rst phase is the data collecƟ on of the structure, including 
the historic informaƟ on, geometrical and topographic survey, damage survey, 
mechanical materials characterizaƟ on with non-destrucƟ ve tests, global dynamic 
modal test and a numerical model analysis for staƟ c and dynamic validaƟ on. This is 
the fi rst approach to the structural behavior in the assumed condiƟ on at Ɵ me “zero”. 
In the second phase the health monitoring plan can be performed with a limited 
number of sensors (e.g. a pair of reference accelerometers, strain gauges at criƟ cal 
secƟ ons, temperature and humidity sensors, etc). Data should be stored periodically 
and the monitoring system should be able to send the proper alarms. Environmental 
eﬀ ects should be studied and the presence of damage should be observed by the 
global modal parameters. In the third phase, should it be required by the fi rst two 
phases, or by a life cycle cost analysis, or by the importance of the structure, a full-
scale dynamic survey with more sensors and measuring points should be performed. 
In this phase the “health condiƟ on” of a structure is studied with more detail. 
Damage idenƟ fi caƟ on methods should be applied to the structure aŌ er fi ltering the 
environmental eﬀ ects. The aim of the dynamic methods is to confi rm and locate 
the (possible) damage in a global way. Finally, in the last phase, a local approach 
with visual and complementary non-destrucƟ ve tests should be performed to locally 
assess the damage and classify it. 
Dynamic idenƟ fi caƟ on monitoring system can be used to detect cracks in masonry 
structures at early stage, the possible breakage or loss of anchorage in a Ɵ e, or 
changes in the boundary condiƟ ons, see Ramos et al. (2010b) for more details. Next, 
two complex case studies are shown, in which the fi rst two phases of the preceding 
methodology were applied.
Mogadouro Clock Tower
The Mogadouro Clock Tower, see Figure 9, is located inside the castle perimeter of 
Mogadouro, a small town in the Northeast of Portugal. The tower was built aŌ er 
the year 1559. It has a rectangular cross secƟ on of 4.7 × 4.5 m2 and a height of 20.4 
m. Large granite stones were used in the corners and rubble stone with thick lime 
mortar joints were used in the central part of the walls. The thickness of the walls 
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is about 1.0 m. In 2004, the tower was severely damaged, with by large cracks, 
material deterioraƟ on and loss of material in some parts. A geometrical survey of the 
structure was performed and the exisƟ ng damage was mapped. ConservaƟ on works 
carried out in 2005 reinstated the tower safety, including lime grout injecƟ on for the 
consolidaƟ on of the walls, replacement of material with high level of degradaƟ on, 
fi lling of voids and losses, and installaƟ on of Ɵ es (or a steel belt) at two levels.
Dynamic modal idenƟ fi caƟ on tests were performed before and aŌ er the works, 
see Figure 10. The same test planning was adopted in the two condiƟ ons by using 
Figure 9 Mogadouro Clock Tower and conservaƟ on works: (a) before; (b) aŌ er.
(a) (b)
Figure 10 Dynamic tests and examples of sensor locaƟ ons: 
(a) crack paƩ ern and measuring points in the South and East façades, respecƟ vely; 
(b) measurements before rehabilitaƟ on works; (c) aŌ er rehabilitaƟ on works.
(a) (b)
(c)
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the same measuring points. Table 3 presents the fi rst seven esƟ mated natural 
frequencies and damping raƟ os and Figure 11a shows selected corresponding 
mode shapes. An analysis the two structural condiƟ ons shows that, on average, 
the frequencies increased 50% with the works, while the damping decreased 40%. 
Concerning the modal displacements, local protuberances can be observed in the 
areas close to the cracks and in the upper part of the tower, before the works. This 
is due to the presence of severe damage. On the contrary, the structure behaves 
monolithically aŌ er the conservaƟ on. Taking into account the previous results, it is 
possible to conclude that the structure suﬀ ered a signifi cant structural intervenƟ on 
and the strengthening works were eﬃ  cient. One can also conclude that the presence 
Table 3 Mogadouro Clock Tower: Dynamic response before and aŌ er the rehabilitaƟ on.
Mode 
Shape
Before AŌ er 
[%]
Before AŌ er 
[%]

[Hz]
CV
[%]

[Hz]
CV
[%]

[%]
CV
[%]

[%]
CV
[%]
1st 2.15 1.85 2.56 0.21 +19.28 2.68 219.51 1.25 0.13 –53.26
2nd 2.58 1.05 2.76 0.30 +6.70 1.71 94.02 1.35 0.17 –21.00
3rd 4.98 0.69 7.15 0.27 +43.67 2.05 65.33 1.20 0.14 –41.32
4th 5.74 1.56 8.86 0.47 +54.37 2.40 24.27 1.31 0.13 –45.72
5th 6.76 1.13 9.21 0.21 +36.13 2.14 31.74 1.16 0.12 –45.65
6th 7.69 2.94 15.21 2.24 +97.87 2.33 55.98 2.54 0.24 +9.11
7th 8.98 1.21 16.91 1.40 +88.27 2.30 46.39 1.49 0.23 –35.07
Average 
values – 1.49 – 0.73 +49.47 2.23 76.75 1.47 0.17 –40.34
*
* - Average value calculated only with negaƟ ve diﬀ erences
Figure 11 Mode shapes Mogadouro Clock Tower: 
(a) measured mode shapes for translaƟ on and torsional modes; (b) fi nite element model, 
with diﬀ erent masonry qualiƟ es for modal updaƟ ng; (c) tuned numerical mode shapes.
(a) (b) (c)
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of damage changed the dynamic behavior signifi cantly with respect to the possible 
original structure. The challenge now is to verify if the cracks were stabilized with the 
intervenƟ on by means of a dynamic monitoring system.
For the structural assessment, a 3D FE model was built. The model updaƟ ng analysis 
was performed with the aim to assess the tower dynamic behavior in its actual 
condiƟ on (aŌ er the retrofi ƫ  ng). The nonlinear least square method was used to 
compute the numerical modes. The objecƟ ve funcƟ on to be minimized is composed 
by the residuals formed with calculated and experimental frequencies and mode 
shapes. The opƟ mizaƟ on parameters were selected taking into account the possible 
diﬀ erences between the material properƟ es and the modulus of elasƟ city of the 
diﬀ erent parts was chosen as updaƟ ng parameters. Figure 11b shows the fi nal 3D 
model where eight updaƟ ng parameters can be observed and Figure 11c shows 
selected tuned modes, which present very good agreement with the experimental 
ones.
During 2006 and 2007, and aŌ er the conservaƟ on works, a dynamic monitoring 
system was installed in the tower. The aim was to evaluate the environmental eﬀ ects 
of temperature and relaƟ ve air humidity on the dynamic behavior of the tower, and to 
detect any possible non stabilized phenomenon in the structure. Three piezoelectric 
accelerometers connected to an USB data acquisiƟ on card recorded each hour ten 
minutes of ambient vibraƟ ons. In parallel a combined sensor recorded the ambient 
temperature and relaƟ ve air humidity. This task was performed in several campaigns 
(test series), in diﬀ erent periods of the year.
The data series were analyzed and they allowed concluding that the environmental 
eﬀ ects signifi cantly change the dynamic response of the structure. Mainly, the 
water absorpƟ on of the walls in the beginning of the raining seasons changes the 
frequencies about 4%. The signifi cant infl uence of moisture inside the walls on the 
dynamic response of masonry structures is not reported in literature, as the changes 
are always aƩ ributed to others environmental eﬀ ects or loading condiƟ ons, such as 
temperature and excitaƟ on level. The series presented in Figure 12 were recorded 
during October and November, 2006, which is linked to the fi rst strong raining event 
at the site. As no damage was observed in the structure, the humidity infl uence can 
be observed by a shiŌ  in the linear relaƟ on between frequency and temperature by 
a transiƟ on series.
The ambient temperature, the relaƟ ve air humidity and the excitaƟ on level, by 
means of the Root Mean Square (RMS) of the signal, were correlated to the resonant 
frequencies. MulƟ ple linear regression models were compared with Auto Regressive 
outputs with eXogeneous input models, also known as ARX models, Ljung (1999), 
in order to evaluate the environmental and loading eﬀ ects. Figure 13a shows the 
fi ƫ  ng models through the normalized frequency and simulated errors with the 95% 
confi dence intervals ci, and Figure 13b shows the simulated error. In general, the 
model is able to replicate the frequency variaƟ on, but does not takes into account 
the water absorpƟ on phenomenon, because the relaƟ ve humidity variaƟ on does not 
totally represent that change. The results indicates that ARX models can simulate the 
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Figure 12 Environmental eﬀ ects: (a) temperature; (b) relaƟ ve air humidity. 
Note: Black dots correspond to the fi rst frequency, white dots to the second frequency, and 
grey dots to the transiƟ on period of each frequency.
(a)
(b)
Figure 13 ARX model [3 , 2 2 4 , 0 0 0] for mode shape 1 with 95% confi dence intervals: 
(a) normalized frequency; (b) simulaƟ on error.
(a) (b)
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natural frequencies, but sensors to measure the water absorpƟ on inside the walls 
are necessary in this case to beƩ er simulate the dynamic response and to detect 
the presence of damage. Apparently, no damage was observed by global modal 
parameters changes during the monitoring period reported.
Church of Monastery of Jerónimos
The Monastery of Jerónimos, located in Lisbon, is one of the most famous Portuguese 
monuments, Figure 14. The Portuguese “Manuelino” architectural style of the 
16th century makes the monument very aƩ racƟ ve for tourists. The church of the 
monastery, Santa Maria de Belém church, has considerable dimensions: a length of 
70 m, a width of 40 m and a height of 24 m.
The main nave of the church was tested using output-only modal idenƟ fi caƟ ons 
techniques, which provided the modal parameters: resonant frequencies, mode 
shapes and damping coeﬃ  cients. Two techniques were applied to compare the 
experimental dynamic parameters obtained and have more accurate results. The 
Enhanced Frequency Domain DecomposiƟ on (EFDD), Brincker et al. (2000), and the 
StochasƟ c Subspace IdenƟ fi caƟ on (SSI) method. Thirty points on the top of the main 
nave were selected to measure the acceleraƟ on response. Ten points were located 
on the top of the external walls with the purpose of measuring the nave boundaries 
and also the global dynamic response of the church. The other points are located 
either on the top of the columns or on the top of the vault keys.
Table 4 summarizes six natural frequencies, damping raƟ os and MAC values 
esƟ mated by two diﬀ erent output-only system idenƟ fi caƟ on techniques. The natural 
frequencies range from 3.7 to 12.45 Hz and no signifi cant diﬀ erences could be found 
between the two methods. For the damping coeﬃ  cients, diﬀ erences up to 140% can 
be observed. The MAC values are only higher than 0.95 for the fi rst two modes as 
a consequence of the diﬃ  culty in exciƟ ng this heavy structure. The modes can be 
found in Ramos et al. (2010b).
Figure 14 Church of Monastery of Jerónimos: (a) inside view; (b) plan view.
(a) (b)
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Due to the high level of complexity of the structure a beam FE model was manually 
tuned to the dynamic experimental results. The adopƟ on of a relaƟ vely “simple” 
model is due to the fact that the model is to be used in subsequent non-linear Ɵ me 
integraƟ on analysis, including a parametric study using a set of mechanical properƟ es, 
diﬀ erent return period scenarios and strengthening possibiliƟ es, see also Roque 
(2010). The updaƟ ng parameters were the modulus of elasƟ city of the columns and 
the main nave, and the boundary condiƟ ons of the columns. The dynamic response is 
mostly governed by the slender columns, as many local modes appear in the results. 
The fi rst mode shape of the numerical model is presented in Figure 15.
Since April of 2005, a dynamic monitoring system was installed in the church within 
the scope of the Euro-Indian research project “Improving the Seismic Resistance 
of Cultural Heritage Buildings”. The monitoring system is composed of two strong 
moƟ ons recorders (R) with 18 bits AD converters connected to two triaxial force 
balance accelerometers. One accelerometer (A1) was installed at the base of the 
structure near the chancel and the other (A2) at the top of the main nave (extrados), 
between two consecuƟ ve columns, and in the locaƟ on with higher signal levels 
Table 4 Monastery of Jerónimos: Comparison of the esƟ mated modal 
parameters of the main nave.
Mode
Shape

[Hz]

[%] MAC
EFDD SSI EFDD SSI
1st 3.69 3.68 2.34 1.26 0.99
2nd 5.12 5.04 1.11 2.68 0.92
3rd 6.29 6.30 1.00 0.82 0.67
4th 7.23 7.29 0.77 1.44 0.67
5th 9.67 9.65 1.10 1.45 0.62
6th 12.45 12.51 1.25 1.19 0.71
Figure 15 First mode numerical mode shape at 3.79 Hz: (a) transversal secƟ on; (b) plan view.
(a) (b)
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obtained in the dynamic modal idenƟ fi caƟ on analysis. The two recorders are 
connected by an enhanced interconnecƟ on network, which allows a common trigger 
and Ɵ me programmed records. The recorder connected to sensor A1 is the master 
recorder, which enables synchronizaƟ on and updates the internal clock of the slave 
recorder connected to sensor A2. The monitoring task is mainly processed by the 
master recorder, with a trigger armed for low level signals corresponding to micro 
tremors occurring at the site. In parallel, every month, dynamic data are registered 
during ten minutes. Also seasonally, to study the environmental eﬀ ects, ten minutes 
are recorded every hour during one complete day. 
The dynamic monitoring system is complemented by a staƟ c one, which measures 
temperatures and rotaƟ on of the columns at several points in the structure. 
AddiƟ onal sensors for relaƟ ve air humidity and wind velocity were recently added to 
this system. For the study of the environmental and loading eﬀ ects all data acquired 
in the strong moƟ on recorders were used. 1300 events were acquired: 28% of which 
correspond to programmed events with ten minutes of total sampling duraƟ on, 
and 72% correspond to triggered events, with an average sampling duraƟ on of one 
minute and fi Ō een seconds.
To esƟ mate the modal parameters, the procedure described previously for the 
Mogadouro Clock Tower was again adopted. It should be stressed that in the modal 
parameter esƟ maƟ on only the fi rst, the third and the fourth mode shapes of the 
nave were successful esƟ mated. The majority of the triggered events occurred during 
working hours, due to the road traﬃ  c, special events inside the church (like mass or 
concerts), and minor earthquakes. With respect to programmed events, it is noted 
that it was more diﬃ  cult to esƟ mate the modal parameters during the night period, 
due to the low ambient excitaƟ on level. The results indicate that the temperature 
eﬀ ect is signifi cant for the nave. A trend for a bilinear relaƟ on between temperature 
and frequency was found, with an apex for a temperature about 18°C. This trend 
occurs for all the esƟ mated frequencies.
As no conƟ nuum series were recorded in the monitoring system, modeling of thermal 
inerƟ a is diﬃ  cult and only staƟ c regression models were used. From the observed 
bilinear trend, two linear regressions for temperature values lower and higher than 
17.5°C were adopted. Figure 16a shows the staƟ c models for the fi rst esƟ mated 
(a) (b)
Figure 16 StaƟ c regression for the fi rst mode: (a) temperature infl uence; (b) residuals history.
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frequency by correlaƟ ng the two quanƟ Ɵ es, temperature and frequency with the 
95% (±2) confi dence intervals. The results show that the bilinear staƟ c model 
follows the evoluƟ on of the frequencies but a signifi cant number of outliers can be 
observed in Figure 16b, where the residuals between the fi rst natural frequency and 
the simulated frequency are shown. This indicates that others environmental eﬀ ects 
need to be studied to beƩ er model the dynamic response.
Finally, it should be stressed that in 12 February, 2007, at 10:35 am a 5.8 magnitude 
earthquake, with a Modifi ed Mercalli intensity V, occurred in the Southwest of 
Lisbon. The permanent staﬀ  of the monument felt the ground shake. No visitors were 
inside the church because on Mondays the church is closed to public. The strong 
moƟ ons recorders acquired the signals and the peak of the frequency contents of 
the elasƟ c response spectra was in the range of the esƟ mated natural frequencies, 
but the esƟ mated natural frequencies did not suﬀ er any signifi cant shiŌ , as can be 
observed through Figure 16b. Therefore, no damage in the structure occurred due to 
this minor earthquake.
OPERATIONAL MODAL ANALYSIS USING COMMERCIAL WIRELESS 
PLATFORMS
The research eﬀ orts in many scienƟ fi c areas, such as physics, microelectronics, 
control, material science, etc., are oriented to the creaƟ on of smaller, autonomous 
and easier to handle mechanisms for sensing purposes. In the area of measuring 
physical parameters, these goals were successfully achieved via the integraƟ on of 
Micro-Electro-Mechanical Systems (MEMS) with low power and high frequency 
transceivers, joined in silicon chips. Sensor prototypes, called “motes”, were 
developed to reach four aƩ ributes: sensing, processing, communicaƟ on and 
actuaƟ on.
A mote is an autonomous, compact device, and a sensor unit that has the capability 
of processing and communicaƟ ng wirelessly. One of the biggest strengths of motes 
is that they can form networks, known as Wireless Sensor Networks (WSN), which 
allows the units to cooperate between themselves.
Wireless technology is being used for a wide range of applicaƟ ons such as military, 
environmental monitoring (e.g. indoor for emergency services or outdoor for 
agriculture applicaƟ ons), support for logisƟ cs (e.g. considering the use of wearable 
motes in fi remen), human centric (motes for health science and health care) and 
roboƟ cs. The use of wireless technology with embedded MEMS for structural 
monitoring was fi rst proposed by Kiremijdian et al. (1997), aiming at the integraƟ on 
of wireless communicaƟ ons with sensors in order to develop a near real Ɵ me 
monitoring system. AŌ er these preliminary studies, many eﬀ orts to improve the 
technology had been carried out. The fi rst case of study in which wireless based 
systems were used to monitor civil engineering structures, was the Alamosa Canyon 
Bridge in 1998, Straser and Kiremijdian (1998). Due to fact that masonry structures 
are diﬃ  cult to excite and due to the low resoluƟ ons capabiliƟ es of the commercial 
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MEMS, only one applicaƟ on was found, namely the Aquila Tower in Italy, see Cerioƫ   
et al. (2009).
The convenƟ onal wired based sensors used here were the high sensiƟ vity piezoelectric 
accelerometers model PCB 393B12. For DAQ purposes, the NI-USB9233 board 
with an ADC resoluƟ on of 24 bits was selected. In the case of the wireless based 
systems, the Crossbow technology was chosen, as it oﬀ ers inexpensive soluƟ ons 
with low powering boards and plaƞ orms with embedded microaccelerometers. For 
comparison purposes Table 5 presents the characterisƟ cs of the microaccelerometer 
ADXL202 embedded in the Crossbow plaƞ orms and the piezoelectric accelerometer 
PCB 393B12.
Dynamic Response of an Inverted Pendulum
A Single Degree-of-Freedom (SDOF) structure represented by an inverted pendulum 
is one of the simplest examples used by civil engineers to explain the fundamentals 
of structural dynamics. In this work, this pendulum is also used to evaluate and 
understand the behavior of commercial wireless-based plaƞ orms and their use for 
civil engineering works. The studied specimen was an inverted Ɵ mber pendulum 
with 1.70 m high and with steel plates in its top and base (Figure 17). To perform 
a complete dynamic characterizaƟ on of the pendulum, three wire based and three 
wireless with embedded MEMS plaƞ orms accelerometers were used (the MEMS 
sensors were programmed to perform measurements only in one axis). These 
sensors were arranged in two setups keeping the node 1 as common for both 
measurements. For comparison purposes the wired and wireless systems were set 
to run concurrently. IniƟ ally, the performance with respect to an acceleraƟ on Ɵ me 
series was studied using tests under random excitaƟ on and ambient noise. Figure 
18 shows the recorded signal by mote 3 and accelerometer 3 in both scenarios. 
The results demonstrate the poor performance of the micro accelerometers for 
measuring low amplitude vibraƟ ons. The maximum values and the root mean square 
(RMS) registered by the wireless plaƞ orms are, respecƟ vely, 3 to 6 Ɵ mes and 8 to 22 
Ɵ mes lower than the values recorded by the convenƟ onal plaƞ orms with ambient 
noise. Similar results were obtained in the case of the RMS in random excitaƟ on, 
even if the Ɵ me series recorded with both systems are rather similar.
Table 5 CharacterisƟ cs of a MEMS and a convenƟ onal piezoelectric accelerometer.
MEMS microaccelerometer Piezoelectric accelerometer
Sensor Type ADXL202JE PCB 393B12
Channels X, Y X
Range (g) ±2.0 ±0.5
SensiƟ vity (mV/g) 167 ±17% 10000
ResoluƟ on (g rms) 0.002 0.000008
Size (mm) 5.0 x 5.0 x 2.0 30.2  (diam.)  x 55.6 (high)
Weight (gram) 1.6 210.0
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Figure 17 Experimental modal analysis of a laboratory specimen, with setup descripƟ on.
Figure 18 Time series collected by mote 3 and accelerometer 3 in the inverted 
pendulum tests: (a) response under random excitaƟ on in Setup 01; 
(b) response under ambient noise in Setup 02.
(a) (b)
(a) (b)
Figure 19 StabilizaƟ on diagrams for the analysis of the Ɵ me series recorded under random 
excitaƟ on in the inverted pendulum tests: (a) results of the convenƟ onal wired based 
accelerometers; (b) results of the wireless plaƞ orms.
75
Paulo B. Lourenço, Luís F. Ramos
Then, the dynamic characterisƟ cs of the system were studied. For this purpose, the 
SSI-Data method implemented in the ARTeMIS extractor soŌ ware was used. Figure 
19 shows the stabilizaƟ on diagram corresponding to the random excitaƟ on and 
Table 6 shows a summary of the results accelerometers, where f is the frequency 
and  is the damping. According to the frequency content results, the wireless 
based plaƞ orms give accurate results (errors of about 2% for random excitaƟ on and 
about 7% for ambient vibraƟ on). When the structure is lightly and randomly excited, 
the modal idenƟ fi caƟ on is easier because the stable poles are properly aligned in 
the natural frequencies. In the case of ambient noise the dynamic idenƟ fi caƟ on 
becomes more complicated due to the appearance of noise poles (stabilizaƟ on 
diagrams not shown). The results related to damping tend to show a large scaƩ er 
and are oŌ en unreliable. SƟ ll, no correlaƟ on was found between damping values 
using convenƟ onal and wireless based systems, with extremely large (and incorrect) 
values found with the wireless based plaƞ orms. Due to the lack of synchronizaƟ on 
algorithms implemented for the motes, no informaƟ on can be gathered on the mode 
shapes. A prototype wireless sensor with synchronizaƟ on was developed in Aguilar 
(2010).
The Chimneys at Paço dos Duques, Guimarães
The Paço dos Duques (Palace of the Dukes of Bragança) was built between 1422 
and 1433 by D. Afonso in Guimarães, north of Portugal, see Figure 20. One of the 
most important changes in the structure of the building was the addiƟ on of chimneys 
in the roof. The original building had only four chimneys and, in the intervenƟ on 
started in 1937, 34 more chimneys were added. Since 2002, the building suﬀ ered 
some conservaƟ on works, mostly related to the roofs and chimneys. The chimneys 
exhibited considerable damage, with one chimney requiring strengthening.
Based on the previous results of the experimental tests, the use of commercial 
wireless plaƞ orms for structural dynamic monitoring was again explored. The dynamic 
response of one of the four original chimneys was studied using convenƟ onal and 
wireless plaƞ orms. Figure 21a shows a general view of the conservaƟ on works that 
were carried out and Figure 21b shows the locaƟ on of the wireless plaƞ orms in the 
experimental tests.
Table 6 Results of the experimental modal analysis of the inverted pendulum study.
ConvenƟ onal 
Accelerometers Wireless Plaƞ orms
Mode ƒ (Hz)  (%) ƒ (Hz)  (%) fError (%) Error (%)
Random 
excitaƟ on
1 2.30 1.45 2.35 3.57 2.13 59.39
2 2.71 1.57 2.68 2.94 1.12 46.60
Ambient
1 2.26 0.82 2.41 9.82 6.22 --
2 2.63 2.12 2.83 10.42 7.07 --
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Figure 20 Palace of the Dukes of Bragança (“Paço dos Duques”), in Guimarães.
Figure 22 StabilizaƟ on diagrams of the analysis of the Ɵ me series recorded under random 
excitaƟ on in the chimney at Paço dos Duques tests: (a) results of the convenƟ onal wired 
based accelerometers; (b) results of the wireless plaƞ orms.
(a) (b)
Figure 21 Chimneys at Paço dos Duques: (a) recent conservaƟ on works; (b) sensors locaƟ on.
(a) (b)
Table 7 Dynamic response of the chimney at Paço dos Duques.
Conv. Accelerometers Wireless Plaƞ orms
Mode ƒ (Hz)  (%) ƒ (Hz)  (%) ƒError (%) Error (%)
1 1.69 1.34 1.68 1.61 0.60 16.77
2 1.77 4.22 1.71 0.72 3.51 --
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The advantages of using wireless plaƞ orms were clear in this case study, as their use 
is much simpler. The DAQ process was also easier allowing safer work in a zone with 
diﬃ  cult access. Figure 22 shows the stabilizaƟ on diagrams of the analysis of the Ɵ me 
series recorded under random excitaƟ on. Table 7 shows the results of the idenƟ fi ed 
frequencies using convenƟ onal accelerometers and wireless plaƞ orms. The results 
show very small diﬀ erences in the idenƟ fi ed frequencies obtained by using the 
convenƟ onal and the wireless plaƞ orms (maximum error is 3.5%). Again, inconclusive 
results are obtained with respect to damping. When the tests are performed with 
ambient noise (results not shown) similar frequencies could be idenƟ fi ed, again with 
more diﬃ  culƟ es due to the spurious poles appearing in the stabilizaƟ on diagrams.
CONCLUSIONS
A damage idenƟ fi caƟ on approach was proposed based on vibraƟ ons measurements 
for masonry structures and a selecƟ on of methods available in the literature. The 
methods were combined in a qualitaƟ ve way with the aim to capture the diﬃ  cult 
phenomena and in assisƟ ng the decision of damage idenƟ fi caƟ on analysis. The 
methods can be easily applied to masonry structures and they give informaƟ on 
about the detecƟ on (Level 1), the localizaƟ on (Level 2) and, possibly, the assessment 
(Level 3) of damage. 
A methodology based on operaƟ onal modal analysis was presented for masonry 
structures, aiming at detecƟ ng damage at an earlier stage. The methodology 
comprises four phases, namely data collecƟ on, simplifi ed health monitoring, detailed 
health monitoring and local non-destrucƟ ve tesƟ ng. As an illustraƟ on, the fi rst two 
phases were applied to two complex Portuguese monuments using convenƟ onal 
sensors. For these monuments, the modal idenƟ fi caƟ on results, the development 
of structural model with model updaƟ ng techniques, for subsequent assessment 
with FE models, the installaƟ on of monitoring systems and the automaƟ c parameter 
retrieval were presented. From the experience with the two cases, the proposed 
methodology for damage idenƟ fi caƟ on seems to be useful and applicable to masonry 
structures, especially to complex historical construcƟ ons. In parƟ cular, the frequency 
monitoring seems to be a reliable quanƟ ty for damage detecƟ on. 
A new plaƞ orm for performing operaƟ onal modal analysis of structures, based on 
wireless technology with embedded MEMS sensors, was also tested. Commercial 
WSN plaƞ orms available in the market were chosen for comparison purposes against 
widely used convenƟ onal wired based systems. The results showed that the WSN 
plaƞ orms have poor performance with respect to the acceleraƟ on Ɵ me series 
recorded, due to the low resoluƟ on of the microaccelerometers and DAQ systems 
embedded. The wireless plaƞ orms showed also very poor performance for the 
detecƟ on of modal shapes due to the lack of synchronizaƟ on algorithms. In the case 
of frequency detecƟ on, reliable results were obtained especially when the systems 
were randomly excited. SynchronizaƟ on is needed, and a prototype is available from 
Aguilar (2010), for modal shape idenƟ fi caƟ on. SƟ ll, ambient vibraƟ on tests of sƟ ﬀ  
structures remains a challenge for WSN plaƞ orms.
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